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1. Introduction

1.1 Purpose

This module provides sufficient information for the telecommunications engineer
to understand the capabilities and limitations of the equipment usBaf@ier measurement at
the Deep Space Network (DSN).

1.2 Scope

The scope of this module is limited to those features of the Downlink Channel at
the 34m High-efficiency (34m HEF), 34m Beam Waveguide (3¢dh BWG), and 7am stations
that relate to theneasurement of anéporting of the Doppler effect

2. General Information

The relative motion of a transmitter and receiver causes the recaiveszt
frequency to differ from that of theatnsmitter. ThiPopplershift depends on the range rate
the rde-of-change of the distance separating transmitter and recéivtre DSN a Doppler
measurement consists of a set of carrier phase measurefmentsthese phastata,frequeny
may becalculated since frequency is the raté-change of phaseMoreoverthe calculated
Doppler shiftis related to the range rate. Doppler measurements are one of the most important
radiometric data types usedarbit determination.

There are three types of Doppler measurementwaye twoway, and three
way. In all of these ases, the accumulating downlio&rrierphase is measured and recorded.

With a oneway Doppler measurement, the spacecraft transmits a downlink
carrier that is unrelated to any frequency source in the DSN and the downlink Doppler shift is
determined.The frequency stability of the spacecradtillator used to generate thenddink
carriertypically limits the performance of this Doppler measureméfitra-Stable Oscillators
(USOs) araypically used br oneway Doppler measurement.

A two-way Doppler measurement employs an upfiokn aDeepSpaceStation
(DS andadownlink o t hat same station. The spacecraf
uplink carrier whose frequency differsdm that transmitted by the DSS by the uplink Doppler
shift. The transpond@roduces a downlink carrier that is coherently related to tesved
uplink carrier. To be precisethe transmitted downlink carrier frequency equals the received
uplink carrier frequency multiplied by a consta@tthe transponding ratio(The frequency
multiplication is needed to achieve frequency separatiomdeet uplink and downlink carriers).
The dowink carrier is received at threame DSS that transmitted the uplink carrier. The
arriving downlink carrieexperiences a twway Doppler effect. The downlink carrier frequency
is therefore different from thain the uplink because of the tway Doppler effect and because
of the transponding ratio.

Threeway Dopple measurement is similar tavo-way measurement, except that
the downlink carrier is received at a different DSS than that from which the uplnndr eeas



810005
202, Rev. D

transmitted.Soin a threeway measuremeniere are three nodes present: transmitting DSS,
spacecraft, and receiving DSS.

A two-way or threeway Doppler measuremeatiginates at a DSSThe uplink
carrier frequency is synthesized within the exciter from a highly stable frequency reference
provided by thd-requency and Timing Subsystem (FTS)nce this reference tgpically more
stable thathe spacecratbome oscillatoy a twoway orthreeway Doppler measurement is
more accuate than a oneay measurement.

For twoway and threavay Doppler measurementsis necessary to account for
the transponding rati® It is usual to definéwo-way Doppler as the &amsmitteduplink carrier
frequencyminus theratio of thereceiveddownlink carrier frequencyo the factorQ With this
definition, the tweway Doppler would be zero if there were no relative motion between the DSS
and the spacecrafforareceding spacecraft thigttypicd of deep space exploration, twaay
Doppler is a positive quantity.

The instrumentation of a Doppler measurement within a DSS is shown in
diagrammatic form for a or@ay measurement lRigurel and for a tweway measurentd in
Figure2. In all Doppler measurementsiet downlink carrier from the Lowoise Amplifier
(LNA) passes to the Downlink Tracking and Telemetry Subsystem (DAfigh resides in part
in the antenna and in part imet Signal Processing Center (SPThe Radisefrequency to
Intermediatefrequency Downconverter (RID), which is located at the antesymhesizes
local oscillatorfrom afrequency referenceupplied bythe FTS andhenheterodyneshis local
oscillatorwith the downlink carrier The Intermediaté-requency (IF) signal that results is sent
to the $gnal Processing Grer (SPC).

— LNA ETS
RID |+ css| P
IF e _ i Downlink
Distribution | L2 | RRT Phase

Figurel. OneWay Doppler Measurement

In the SPC, the IF to Digital Converter (IDC) alters the frequency of the IF signal
by a combination of tggonversion and dowoonversion to a final analog frequency of
approximately 200 MHz and then performs andalegligital conversion.The final analogtage
of downconversion uses a local oscillator supplied by the Che®elelct Synthesizer (C&S
The CSS is adjusted before the beginning of a pass to a frequency appropriate for the anticipated
frequency range of the incoming downlink signBlring the pass, the frequency of the CSS
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remains constantThe local oscillator frequencies of the CSS (and, indeed, of all local oscillators
in the analog chain of doweonversion) are synthesized within @&T from highly stable

frequency references providbg the FTS.All analog stages of dowoonversion are opeloop,

and so the digital signal coming out of the IDC reflects the full Doygblit:

. : Uplink
i Klystron (e—{ Exciter [] UPA [ Pﬁalge
_L UPL|
LNA FTS
RID_* css| O
: L T
IF . R {  Downlink
Distribution | L2 " RRT Phase

Figure2. Two-Way Doppler Measurement

The ReceiverRangingand TelemetryRRT) processoraccepts the signal from
the IDC and extracts carrier phase with a digital ptadesd loop (Referenck). The loop is
configured to track the phase of a residual carrier, a suppressed carrier, or 0QP8set
QPSK)signal. Since everyanalog local oscillator is held at constant frequency during a pass, the
downlink carrier phase at sky frequency (that is, the phase that arrives at the DSS antenna) is
easily computed from the local oscillator frequencies and thevamgng phase extréed bythe
digital phasdocked loop.

For a tweway or threeway Doppler measurement, the DSS exciter synthesizes
the uplink carrier from a stable FTS frequency reference, as illustraegure2. The uplink
carrig may be either constant or varied in accord with a tuning pfaeither case, the phase of
the uplink carrier is recorded for use in eppler determinatianThe uplink phase counts are
available from the Uplink Processor Assembly (UPA) atse€onl intervals.

The uplink and downlink carrier phase recamisst account for integer as well as
fractional cycles.This is unlike many telecommunications applications where it is necessary to
know the carer phase only modulo one cycl&hereporteddata are uplink and downlink phase
counts at sky frequencptonly downlink phase counts in the case of awag measurement).
The downlink phase counts are available atd&dond intervals.
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2.1 Carrier Loop Signatto-Noise Ratio

The downlink carrier loop signab-noise ratic’ must be known in order to
calculate the Doppler measurement error and to calculate the variance of the phase error in the
loop. The equation fdr depends on the type of modulation on the downlink.

211 Residual Carrier

Whenthe downlink carrier has a residual carrier and carrier synchronization is
attained bytrackingthatresidual carrier; is

, 0 p
— O (1)
v , O
where
0j0 sy = downlinkresidualcarrier power to noise spectral density ratio, Hz
0 = onesided,noiseequivalent bandwidth of the downlink carrier loop, Hz

Whennonreturnto-zero(NRZ) telemetrysymbolsdirectly modulate the carrier
(in the absence of a subcarriehere is an additional loss to the carrier loop sigoahoise ratio.
This loss is due to the presence of data sidebands overlaying the residual carrier in the frequency
domain and therefore increasing the effective noise level for carrier synchroniatibrs
case,” must be calculated as (Refere2ge

, 0 p p
b 4 0 p G OJu
where
0j 0 = telemetry symbol energy to noise spectral density ratio

It is recommended th&t meet the following constraint when the residual carrier is being
tracked:

© ph OAOERDBOEAO &)

If ” is larger than 10 dB for a residezdrrier loop, cycle slips should be rare, as long as there is
no static phase error in the loop. Static phase error arises when there is an uncompensated
Doppler rate for a typ€ loop or an uncompensated Doppler aexalon for a type loop.

Table 1 contains equations for calculating the static phase error in the presence of
uncompensated Doppler dynamics. If a finite static phase error is present in the loop, the
minimum required might be larger than 10 dBl'his can be accurately assessed through
computer simulation or actual experimentation.

2.12 SuppressedCarrier BPSK

A Costas loop is used to traaksuppressedarrier, binary phasshift keyed
(BPSK) carrier For such a loop,
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5,8 “)
where
0j0 sy = downlink total signal power to noise spectral density ratio, Hz
Y = squaring loss of th€ostas loop (Referen&,

¢ [®)
y 0

5 ®)
SN
It is recommended th&at meet the following constraint for suppressedrier BPSK tracking:

” p xdB, suppressechrrier BPSK (6)

Thisrecommended minimurh is larger than for residualarrier tracking because withCostas
loopthere is the riskfohalf-cycle slips as well aiill cycle slips.
2.1.3 QPSK and Offset QPSK

When tracking a quadriphasaift keyed (QPSK) carriear an Offset QPSK
carrier, the loop signal to noise ratio is

” 6 “Y
5.8 )
where (Referencé)
P
- 5 m S h 103+
oy Y 'Y Y @®
e P h/103+
' w @
v P TY ¥ Y
and (Referencé)
_ (0]
Y CU— (9)

‘Oj U is the ratio of the energy in one binary symbdh® noise spectral densitygince QPSK
is more complicated than BPSK, it is worthwhile defin@g0 with an explicit formula:

10
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5T, (10
where
Y = period of the binary symbol, s

In the definition ofd j & s for QPSK,D is thetotal signal power; this includes the power in
both phases of the carrier. The peri¥d is the duration of a binary symbol at the input to

the QPSK modulator (before the demultiplexethe modulatoror, equivalently, at the output
of the receiver 6s de miothaderaotduwaryr (after the mult

As indicated in Equation (8), the squaring |0gsis worse by a factor gij T for
OQPSK han for QPSK. In comparing the performance of the OQPSK loop with that of the
QPSK loop, with all fundamentplrameters being equite OQPSK loop will havea that is
smaller by 6 dB.This is a result of the OQPSK carrteacking loop having an-8urve slope (at
the operating point) that is ofmalf that for the QPSK loop(Thesquare of this slope is a factor
in"yY .)

It is recommended th&dt meetthe followingconstraint for QPSK and @PSK:

” ¢ gdB  QPSK and Offset QPSK (11

With a QPSK oiOffset QPSK loop there is a risk of quartgrcle slips and hal€ycle slips as
well as full cycle slips.If ” is larger than 23 dB, these quattdralf-, and fultcycle slips
should be rare, as long as there istaticphase error in the loop.

Static phase error arises when there is an uncompensated Doppler rate fét a type
loop or an uncompensated Doppler acceleration for a3ypep. Table 1 contains equations for
calculating the static phase error in the presence of uncompensated @gpptaics. If a finite
static phase error is present in the loop, the minimum requiredght be larger than 23 dB.

This can be accurately assessed thraaghputer simulation or actual experimentation.

Equation (11) might seem to suggest that an OQPSK loop has the same
performance in the presence of thermal noise as does a QPSK loop. But this is not the case. For
acommord jU s and a commoi , the OQPSK loop will have'a that is smaller 6 dB
than that for the QPSK loop. Equation (11) merely states that the miriimuwsanich must be
calculated while accounting foY , is the same for both loops.

2.1.4 Carrier Loop Bandwidth

In this module, carrier loop bandwidth means the-sided, noiseequivalent
carrier loop bandwidth of the receiver. It is dendied There are limits on the carrier loop
bandwidth.6 can be no larger than 200 Hz. The lower limitboris determined by the phase
noise on the downlink. In additiowhen operating in the suppresseatrier mode¢ shouldbe
no larger thanpj ¢ ttimes the binary symbol rate.

11
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In general, the value selected torshould be small in order to maximize the
carrier loop signato-noise ratio. On the other harid, must be large enough that neither of the
following variables becomes too large:

a) The static phase error due to uncompensated Doppler dynamics,

b) The contribution to carrier loop phase error variance due to phase noise on
the downlink.

The best to select will depend on circumstances. Sometimes it will be possible
to select @ of about 1 Hz. A larger value fdr is necessary when there is significant
uncertainly n the downlink Doppler dynamics when the Swkarthprobe angle is small (so
that solar coronal phase scintillations are present on the downiikgn tracking a spinning
spacecratft, it may be necessary to set the carrier loop bandwidth to a value that is somewhat
larger than would otherwise be needed. The loop bandwidth mleggleesnough to track out
the variation due to the spin.

2.2 Doppler Measurement Error

The performance of on@ay Doppler measurements and tway (or threeway)
coherent Doppler measurements is addressed here. Models are given for the important
contributors to measurement error. More information about Doppler perforisaacslable in
References 5 and 6

The error in Doppler measurement is characterized here as a standard deviation
., , havingvelocityunits (such aé 1jQ, orasavariance (I | jO). Models are given
here for measurement error in the case ofway (or threeway) coherent Doppler
measurement and in the case of-wrag/ Doppler measurement.

A Doppler measurement error can also be characterized as a standard deviation of
frequency, . This standard deviation apd are related as follows:

—, h I T Ax AU
\ CSP (12)
= h OxiI xAUQOEOAR U

where
” standard deviation of range rate, same units as
Q downlink carrieffrequency
&) speed of electromagnetic waves in vacuum
» standard deviation of frequency, same unit¥as

The factor of 2 in Equatiorlp) for two-way and thre@vay measurements is present becguse
represents the error in the ratechange of the (oneay) range ang represents the error in

thetotal Doppler shift, including uplink as well as downlink.
The error variancg for aDoppler measurement can be modeled as

12
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; ; ; . (13

” variance of range ra{gquare of, )

» contribution to, from white (thermal) noise

” contribution to, from phase noise of frequency sources
” contribution to, from (solar) phase scintillation

When telemetry data in an NR@rmat directly modulate the carrier (that is, no
subcarrier) and there is an imbalance in the data (that is, an unequal number of logical ones and
zeros), a residualarrier loop will experience an additioriasgitter. This phasgitter
representsraadditional error source for Doppler measuremieayond those included in
Equation {3). The standard deviatign of Doppler error due to telemetry databalance may
be roughly modeled as follows:

— e i1 AxAU
C
y € 7 . » (14)
= o3—00 D . o . e s s N
w———————h Ox I x AUOE OARA U
r ¢ O OQ
where
” standard deviation ddoppler error due to telemetry data imbalarezene
units asw
— telemetry modulation index, rad
O data imbalancet O T®

Data imbalanc& is defined as follows. In a large settof & binary
valued telemetry symbols, &f is the number of logical zeros aedis the number of logical
ones, O € €9 ¢ ¢ .Thecasé€O Ttrepresents a perfect balance (and
therefore, m. The caséO T@® represents the case wheére ot (or vice versa), a
highly imbdanced situation. It is possible, of course,®@r to be larger than 0.5 (as large as 1,
for which all symbols are identical); but the model of Equatiah i only valid in the range
mnm O ™.

Pseudo randomization of the telemetry data can be employed in the transponder.
When this is done, there is no significant data imbalance and the Deppler is O.
2.21 One-Way Doppler Measurement Error

Oneway Doppler measurement is subject to the following error sources: white
noise at the receiver, phase noise originating in the frequency source on the spacecraft, and phase
scintillation acquired by the downlink carrier in passing through the salanao

13
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2.2.11 Downlink White (Thermal) Noise Contribution t@L_ , OneWay
For a oneway Doppler measurement, all of the white (thermal) noise originates
on the downlink. Tecontribution, is modeled as
o p.
—_— onewa 1
” C :) C“ !‘QIY Q,_h y ( 5)
where
Y integration time for Doppler measurement, s

The carrier loop signab-noise ratid may be calculated from equationsSaction 21.

2.2.12 Phase Noise Contribution tal , OneWay

The frequency source tie downlink carrier introduces two kinds of error to a
oneway Doppler measuremeran unknown bias and a random error. The bias is due to
uncertainty in theransmittedrequency; this bias is not further discussed here. rdingom
erroris due tofrequencyinstability of thefrequency sourceFrequency instability can be
characterized either in terms of a fractional frequency deviation (the Allan deviation) or in terms
of phase noiself the phase noise of the source has been characterized, iisutonrto,,
may be calculated as follows.

~
g

w o ” », T N, 2 B ne ”
» CEoRY Y; Q00; @ "Q DDEF "QMNQ (26)
where
Y Q onesided power spectral densityadwnlink-carrierphase noise,
OA U
Oy @ Q frequency response of DTT recei

The frequency respon¥® ; 'Q* "Qs related to the transfer functié@ y i of that loop by
07y @ "Q Oy i 17

wherei is the Laplace transform variable. The forni@f% i depends on whether the DTT
receiver is configured as a type 2 or type 3 loop. Appendix A provides equatiéDs far .

The productY; QO30 '@ "Q appearing in Equatiorl6) represents that
portion of the (onesided) power spectral density of the phase noise that lies in the passband of
'Oy '@ "Q This showsthat  depends, in general, onetcarrierloop bandwidth .

In order to keep the phase error of the carrier loop séhai$ normally selected
to be large enough to pass almost all of the {p@ss) power spectral densi¥®; "Q. In this

typical scenario,, becomes insensitive to the exact valué af The following
approximations thenpossible

14
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where
. Y Allan deviationof t he carrieroés frequen

Allan deviation is a dimensionless measure of the fractional frequency stability
and isa function of the integration tini&(Reference 7) When using Equatiorig), the Allan
deviationfunctionshould be evaluated at the Doppler measurement¥hWhen using the
approximation of Equatiorig), ,, will, of course, be the square of the standard deviation

Equation {8) is an excellent approximation when the phase noise is
predominantly whitén-frequency, for whichY; "Q® pj"Q. Therefore when the phase noise
is predominantly whitén-frequencyand® is large enough that thercigr-loop phase error is
small, then Equation@) is an excellent estimate pf for oneway Doppler measurement.

In general, there is also a contribution, to from phae noise in the local
oscillators of the DTT receiving chain. This contribution may be calculated using an equation
similar to EquationX6), withY; "Q replaced by the orsided power spectral density of the
local oscillator phase noise. This contribution will depend, in general, okowever, if6 is
large enouglthat the carrietoop phase error is small, then the contribution may be
approximated as the square of the calculated by Equatiori8), where thd o c a | oscill at
Allan deviationis used. At the stationsthe local acillatorsare derivedrom the FTSwhere the
Allan deviationof the local oscillatorss typically very smallcompared with that for the
frequency source, onboard the spacecraft, of the downlink carrier (faroh@nent operation)

The contribution othe local oscillatorsn oneway Doppler measuremeat a stations therefore
typically negligibleby comparison However, at a test facility where there is no FTS, the phase
noise of the local oscillators might be a significant contributgr to.

It is expected that atomic clocks will in the future be employed on spacecraft;
when this occurs,  will be calculatedhs the sum of two componentse from the onboard
atomic clock and one from the DTT receivialgain local oscillators.

2.2.13 Phase Scintillation Contribution tod,_ , OneWay

A microwave carrier passing through the solar corona experiences phase
scintillation, which introduces a random error to the Doppler measurefieatcontribution
,  Of phase scintillation to Dopplereaasurement error depends on the-Earthprobe angle,
the carrier frequenc¥2, and the integration tim& A coarse approximation fgr is:

™o O 5

ci A e h o — it
QY8 OE+ 8
” ~ "4 . (19)
mw BD @ R Wi — p Y
l‘f “Q "Y8
where
— = SunEarthprobe anglér®’ — p Y

15
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The standard deviatign (the squareoot of the variance ) has the same dimensionstas
(The producti® @ is not dimensionless; it has the same dimensiof@ &8Y? .)

The constant parametér  depends on théownlink band

¢® pmh 3 AT x1
)

0 pg pmh 8 AT x (20)
p& pmh +A AT x1
In Equation 19), ,, is a continuous function e~ (when"Qand”Yare kept constant) for

—  pyn
Throughout this module, the designa on A Kao r 6340030 t o t he
34,700 MHz on the uplink and &D0to 32,300 MHz on the downlink The DSN does not
support radiometric measurements in (@hewnlink) band 2500to 27,000 MHz (K band).

The approximation of Equatiod9) is based otthe work reported in Reference 8
This modelis valid when trackindpinaryphaseshift keyed telemetry with eitha@rresdual or
suppressed carrier mhen trackinga QPSK(or Offset QPSK) signal. This model is the
recommended estimate for all SEarthprobe angles, even though this model was originally
based on data for Stiarth-probe angles between &nd¢ x. More reent measurements
suggest that the estimate is moregyally applicable. Referencefér example, validates the
approximate model for SuBarthprobe angles less thanJ

Figure3 showsthe standard deviatign (the squareoot of the variance )
as a function of— for oneway Doppler measurement with arb&nd downlink. The vertical
axis is in units omm/s. Figure4 shows, for an X-band downlink.Figure5 shows, for a
Ka-band downlink.For all three of these figures, depends off. For Figures 3, 4, and 5 the
curves were calculated using a value™t@of 2295 MHz, 8425 MHzand 32050 MHz,
respectively. Each of these frequenciesrresponds to the center of the band.)

2.2.2 Two-Way and ThreeWay Doppler Measurement Error

Two-way and threavay Doppler measurements are made with the spacecraft
transponder in coherent modehelmost important error sources for coherent measurements are
white noise on both the uplink and downlink and phase scintillation acquired by the uplink and
downlink carriers in passing through the solar corona.

2.2.2.1 White (Thermal) Noise Contributionad_ , Two- and ThreeWay

The white (thermal) noise contributign  to two-way and threavay Doppler
measurement error has two components:

, , , (21

where

" contribution tq, from uplink white (thermal) noise

" contribution tq, from downlink white (thermal) noise

16
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Doppler Measurement Error (mm/s)
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Sun-Earth-Probe Angle (deg)
Figure3. Doppler Measurement Error Due to Solar Phase Scintillati@ovi

Doppler Measurement Error {(mm/s)

0.01 'l '} 2 2
B 10 15 20 25 30

Sun-Earth-Probe Angle (deg)

Figure4: Doppler Measurement Error Due to Solar Phase Scintillatiedo¥Xn

17
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Doppler Measurement Error (mm/s)
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Figure5. Doppler Measurement Error Due to Solar Phase Scintillatiod<¢en

The variance accounts fowhite (thermalnoise that originates on the
uplink, is tracked by the transponder 6s
tracked by the downlink receiveEor two- or threeway coherent Doppler measuremehg t
contribution, of uplink white noises modeled as

EO ® 3 Oy @ "Q 007 @ QQQ (22
n c cu "Q'Y ~ 3’5 T T
where
O = transponding ratio
” = signatto-noiseratic n t r ancamperlooper 6 s
0 =noiseequi val ent bandwi dth of the

'Oy '@ "Q = frequency response of uplink (transponder) carrier loop

Here6 (Hz)isthenoise qui val ent bandwi dth of the

18

carr.i

transp



810005

202, Rev. D
o) Oy @ "QQQ (23
" isthesignatlonoi se rati o in the transpo.ntcabéds carr

calculated from equations similar to those given in Section 2.1 but using uplink parameters,
instead of downlink parameters. For example, when the uplink is residual ¢arries,
calculated as theplink residualcarrier power to noisspectral density ratio divided wy . If

the uplink were suppressed carrier and tracked by a Costas looppuld equal the uplink total
signalpower to noise spectral density ratio times a squaring loss dividéd by

In order to evaluate Etion @2), it is alsonecessary to know the frequency
responséOy Q@ 0 f t he tr ans p oRorturately,dhere iaanapp@ximaton o p .

for,, that requires only theandwidthd of t he tr anspoThider 6s carri
approximation is

) ) O o0 . .,
— D ———= O—0O—h 0 0
¢ ¢'QY 0
” Q o © (24)

- EO L qg F] 0 0

Lp C cu "Q’Y H
Equation 24) can be understood with the following heuristic argumémthe cas® 0
onlyafractiond j6 of the uplink noise that iapistlsoacked
tracked by the DTT carrier loop this casetherefore,, is proportional t@ j 6 . Inthe
cased 0 , all of the uplink noise thatistraelby t he transponder és 1| oo

theDTTr e c esilooEthhe@fored j 6 s replaced by 1. Whehm andd are comparable
(thatis, when neithegd | 6 noré L 0 ), the bestaccuracy is obtained for by using
Equation 22).

The variance accounts for white (thermal) noise that originates on the
downlink and is tracked by tH&TT receiver. Tiecontribution, is modeled as
@ .
" g 0] Oy :},Eh two-way and threavay (25)

where” is the downlink carrier loop sign#b-noise ratio. Section 2.1 has equations for
calculating” .

Equation 25) for two-way and threavay Doppler measuremeistdifferent from
Equation 15) for oneway Doppler measurement. This difference is due to the fact thathe
error in thedetermination of theangeof-change of doneway) range so thee must be a
scaling by a factor gbj ¢ for a twoway (or threeway) measurementThis factor ofp] ¢ also
appears in Equatiori®). For the variance , thefactorbecome9j .

2.2.22 PhaseNoiseContribution tod, , Two- and ThreeWay

When making tweand threewvay Doppler measurements at the stations (as
opposed to the making of measurements entirely within a test facility), the contripution
may be modeled as:
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” q C:*’)T(?'Y Y; Q007 @ 'Q WVEF QO 26)
two- and threeway coherent measurement at the stations
where
v Q onesided power spectral density of uplin&rrier phase nois@ A j{ U

Equation 26) accounts for both phase noise in the uplink frequency source and
phase noise in the DTT receiviefain local oscillators. For a threey measurement, the
uplink source phase noise is independent of the-lmsx@llator phase noise. For a tmay
coherent measurement in deep space, the fsimsignal delay is large enough that lacal
oscillator phase noise is uncorrelated with the delapdidk source phase noise, even though
both originate with a common FTS. The factor of 2 at the front of themiyhd side of
Equation 26) is present because the total contribution is twice as large as a contribution
from either the uplinksource phase noise alone or the laxsdillator phase noise alone.

For twoway and threavay Doppler measurements, the uplink frequency source
andthe local oscillators in the DTT receiving chain are supplied by the FTS. The Allan
deviation for the FTS frequency sources may b

Thecontribution, depends on the DTT receiver carieop bandwidthd ,
since the frequency respori€e; "Q“ "Qof this loop depends di . In order to keep the phase
error of the carrier loop smafl, is normally selected to be large enough to pass almost all of the
(low-pass) power spectral densiy JY; "Q. In this typical scenarig,  becones
insensitive to the exact value @f. The following approximation is then possible:

w, Y.
, ©——h two- and threeway (27)
78
When using Equatior2{), the Allan deviation function should be evaluated at the Doppler
measurement timey ,, is the square of the standard deviatjon given in Equation47).

When the phase noise is predominantly whitérequency, for whichY; "Q® pj"Q,
Equation 27) is an excellent approximation

Equation 27) has a factopj V¢ that is absent in Equatiof). The tweway and
threeway case accounts for both the uptsdurce phase noise and the DTT receiver {ocal
oscillator phase noise; this is a factor of 2 in , or a factor ofA¢ in, . Moreover,, is the
error in the determination of the rangkchange of a (onrway) range, so there must be a
scaling by a factor qgfj ¢ for a twoway (or threeway) measurement.

Typically, ,, is negligible for tweway and threavay Doppler measurement,
owing to the excellent frequency stability of the frequency sources, which are derived at the
stations from the FTSIt is possible howeverto cause, to be significant during coherent
operations by choosing a DTT receiver baittlh 6 that is too small. However, if this is done,
the DTT carrier loop Wl have a large phase error. In such a cagmor, might be the less
concerning problemGenerallyfor two-way or threeway coherent Doppler measurement with a
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spaecraft,ad of at least 1 Hz should ensure that will be small. However, the phase error
in the carrier loop might still be a problem, depending on theafatbange and the acceleration
of the downlink carrierds frequency

When testing &ransponder at the Development and Test Facility @T)or the
Compatibility Test Trailer (CT422),the frequency stability of the uplink carrier and local
oscillators is substantially poorer than at the stations. For-avtwdoppler measurement at
DTF-21 or CTF22,, might be significant. For this scenarjo, can be modeled as:

@o e e e e e e
) Ty Vi % 07 @0 00; o WET awh

DTF-21 and CTT22

Equation 28) reflects the fact that uplir&arrier phase noise will largely be
canceled by phase noise in the local oscillators of the receiving chain butglatribellation is
imperfect when the transponder does not track all of the upéinker phase noise. The term
Y; QOp Oy @ 'Q represents that portion of the uplin&rrier phase noise that is not
tracked by the transponder. Whenthedrgnonder 6 s car r i erendughdhat bandw
almost all of the uplinicarrier phase noise is trackede cancellation of downlinkarrier phase
noise and receivinghain localoscillator phase noise will be nearly complete; and, under these
circumstances,  will be negligible.

2.2.23 Phase ScintillationContribution tod_ , Two- and ThreeWay

The contribution,  of phase scintillation to Doppler measurement array be
apprximated withEquation £9), whichis repeatedb e | ow f or t he readerds ¢

L M d QO y
— — h ™ — W
QY8 OE+ 8 (19
e B 6. !
" —wos—h wh —  pyYn
i QY8
As before,— is the SurEarth probe anglet? — p WI1"Yis the measurement

integration time;Qis the downlink carrier frequency, aniis the speed of electromagnetic
waves in vacuumThe standard deviatign (the squareoot of the variance ) has the

same dimensions as (The producti® @ is not dimensionless; it has the same dimensions
as"Q JY® )

Equation(19) is applicable to twavay and threavay Doppler measurements, as
well as oneway measurementshe parameted is different for tweway (and threavay)
Doppler measurement than for eway Doppler measurementhe parameted depends on
the uplink/downlink band pairing,
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(29

the designati on

34,700 MHz on the uplink and 31,800 to 32,300 MHz on the downliine DSN does not
support radiometric measurements in the (downlink) band 25,500 to 27,000 MHz (K band).

The approximation of Equatiod9) is based otthe work reported in Reference 8
This modelis valid when trackindpinary phaseshift keyed telemetry with eitherresidual or
suppressed carrier mhen trackilg a QPSK(or Offset QPSK) signal. This model is the
recommended estimate for all SEarthprobe angles, even though this model was originally
based on data for Stiarthprobe angles between &nd¢ x. More recent measurements
suggest that the estimasemore generally applicable. Refece 9 for example, validates the
approximate model for SuBarthprobe angles less thanJ

Figure6 showsthe standard deviatign (the squareoot of the variance )
as a function of Suiarth-probe angle for twavay or threeway Doppler measurement with an
S-band uplink and an-Band downlink. The vertical axis is in units of mm/S.he three ctves
in that figure correspond to measurement integration times of 5, 60, and 1000 sédguis?
shows, for an Sband uplink and an %and a@wnlink. Figure8 shows, for an X-band
uplink and ars-band downlink.Figure9 shows,
downlink. FigurelOshows, for anX-band uplink and a khand downlink.Figure11 shows

, for aKa-band uplink and an %and downlink.Figure12 shows,

for an X-band uplink and aX-band

for aKa-band uplink

and a Kaband downlink.In comparing these figures, it should be noted that the vertical scale is

not the same for all of these figures.
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Figure6. Doppler Measurement Error Due to Solar Phase Scintillatidfp/S-Down

Doppler Measurement Error (mm/s)
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Figure7. Doppler Measurement Error Due to Solar Phase Scintillatidsp/Z-Down
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Doppler Measurement Error (mm/s)
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Figure8. Doppler Measurement Error Due to Solar Phase Scintillatiddp}s-Down

Doppler Measurement Error (mm/s)
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Figure9. Doppler Measurement Error Due tol& Phase Scintillation: XJp/X-Down
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Figurel0. Doppler Measurement Error Due3olar Phase Scintillation:-Xp/Ka-Down

Figurell Doppler Measurement Error Due to Solar Phase Scintillatiotd{X-Down
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